Figure 1. Sequence Alignment of Bee Venom Hya with Human Hyaluronidases
The proteins are listed from top to bottom: lysosomal hyaluronidase Hyal-2 (residues 1-355), sperm PH-20 protein (1-353), lysosomal hyaluronidase Hyal-1 (1-349), and bee venom Hya (entire sequence, residues 1-350). Fully conserved residues are shown in red, partially conserved residues in yellow. Secondary structure elements for Hya are shown below the sequences: green arrows represent ␤ strands, red cylinders ␣ helices, and orange cylinders 3 10 helices. Blue arrowheads denote the active-site residues Asp111 and Glu113, as well as Glu247 of bee venom Hya. The four cysteine residues forming two disulfide bridges, Cys22-Cys313 and Cys189-Cys201, are marked by black arrowheads. The sequence of mature Hya starts with Thr (TPDN…), as determined by protein sequencing [70] (D Hoffman, personal communication), that is, one residue earlier than reported by Kreil and coworkers [6] , based on nucleotide sequencing. mate, whereas two glutamate residues are found in xylanase because they can induce pathogenic reactions in the majority of patients allergic to bee venom (71% of patients had specific [19] and ␤-amylase [20, 21] . Of these, one carboxylate group functions as the acid/base catalyst and the other as the cataserum IgE to recombinant Hya and 78% to recombinant phospholipase A2 [26] ). Nonallergic control individuals had no IgE lytic nucleophile [22] . The mechanism proceeds either via a double or a single nucleophilic substitution, resulting in retenantibodies to either of the two recombinant enzymes whereas 15% showed some IgE antibodies to whole bee venom, indicattion or inversion of the configuration of the anomeric carbon, respectively. Some glycosidases that act on N-acetylglucosing a superior diagnostic specificity of recombinant allergens compared to whole bee venom. The allergic response is initiamine-containing saccharides, such as chitinolitic enzymes, lack the proteinaceous nucleophile and the N-acetyl group of ated by allergens that cross-link the Fc-receptor-bound IgE antibodies on the surface of mast cells. This is followed by the substrate acts as the nucleophilic base in a substrateassisted reaction (see [23] and references therein). The activerupture of the mast cell membrane and the release of stored mediators, such as histamine, which are responsible for the site residues of Hya have not yet been identified. However, mutagenesis studies on the human sperm PH-20 protein sugimmediate hypersensitive reaction. A promising approach to inhibit the onset of allergy would be to prevent allergen binding gested Asp111, Glu113, and Glu247 as candidates [24] .
The venom of honey bee contains proteins that can induce to IgE. Knowledge of the molecular interactions between the allergen and the IgE antibodies may be obtained from structural life-threatening allergic reactions in humans [25] . It has been shown that Hya and phospholipase A2 are the major allergens studies combined with biochemical and immunochemical characterization. Such information might provide the basis for strands, six 3 10 helices (one comprising seven residues and the others three residues each; Figure 3 ). The overall fold (Figures 3 the development of allergen-specific forms of therapy.
The X-ray structure of hyaluronidase from bee venom, deterand 4) resembles that of a classical (␤/␣) 8 TIM barrel [27] , which is common to many hydrolases [28]. However, in Hya only mined in two different crystal forms and in complex with an HA oligomer, provides insight into the mode of substrate binding seven strands (␤1-␤7) form the barrel that is surrounded by ␣ helices A-J. There is a lack of closure between strands ␤1 and and the catalytic mechanism. The structure of Hya will be used to model the sequence-related mammalian enzymes and, hopefully, ␤2, which do not interact through hydrogen bonding, leaving a wide gap (7-8 Å ) that could accommodate an additional will lead to identification of the mechanism that triggers the allergic response caused by the sting of the honey bee. strand (Figure 3 ). Loop 34-49 partly fills this gap with two polar mainchain atoms of Leu39 engaged in parallel ␤ sheet hydrogen-bonding interactions with the mainchain atoms of
Results and Discussion
Val13 and Trp15 of ␤1. Other unusual features, that deviate from the regular (␤ /␣) 8 barrel, are the presence of two ␣ helices Structure Determination Two crystal forms of Hya, monoclinic and trigonal, were used between strands 3 and 4 (helices C and D) and 4 and 5 (helices E and F) and two ␤ hairpins comprising residues 63-75 and for the structure determination. Two heavy-atom derivatives were found for the monoclinic form (Table 1 ). The resulting 269-279 at the C-terminal end of ␤2 and ␤6, respectively. Hya contains two disulfide bridges (Figure 3b ). The first, Cys189-multiple isomorphous replacement (MIR) map at 2.7 Å resolution was rather poor, but allowed the building of a partial model. Cys201, stabilizes the base of a long loop at the C-terminal For phase improvement multi-crystal averaging was employed. For this, the experimental electron density corresponding to , with the reducing end oriented close to the Significant similarity in the active-site region (see below) was putative proton donor Glu113 (see below). Thus, the tetrasaconly observed for bacterial chitinase A [17] , which showed a charide most probably represents a cleavage product that is somewhat lower overall score (Z ϭ 9.2), but had similar locabound to subsites Ϫ4 to Ϫ1, according to the nomenclature tions for the catalytic residues and for several conserved arofor sugar binding subsites in glycosyl hydrolases [33] (-n is a matic residues in the binding cleft (data not shown).
subsite at the nonreducing end and ϩn at the reducing end, with cleavage taking place between sugars in the Ϫ1 and ϩ1 subsites). The bound tetrasaccharide is formed by the removal The Substrate Binding Groove The dominant feature of the Hya protein surface is a large of a disaccharide from the reducing end of the fluorosceinated hexasaccharide. In contrast, Takagaki et al. [11] reported that groove that extends perpendicularly to the barrel axis, approximately from strand 1 to strands 4 and 5 ( Figure 5 ). Loops a HA hexamer labeled at the reducing end with 2-aminopyridine was not digested by sperm PH-20 protein following 3-4 hr following ␤ strands 2, 3, and 4 form one wall of the groove and those following 1, 5, 6, and 7 the other. The size of the groove of incubation, whereas higher oligomers were hydrolyzed by successive removal of GlcA-GlcNAc dimers from the nonreis ‫03ف‬ Å ϫ 10 Å and would be large enough to accommodate a hexasaccharide. This is consistent with solution binding studducing end. Degradation observed in our study might be due to the long time required for crystallization of the complex ies on the testicular enzyme which showed that (GlcA-GlcNAc) 3 is the smallest oligomer that can be hydrolysed [ Figure 7a) . In contrast, the carboxylate oxygens of Asp111 are separated by more than 5 Å from the glycosidic oxygen. Indeed, functional analysis of respective mutants in the related human sperm PH-20 protein indicated that Glu113 is more important for catalysis than Asp111. Replacement of Glu113 by glutamine and Asp111 by asparagine in PH-20 (equivalent to Glu113 and Asp111 in Hya) resulted in a protein with no detectable activity and 3% activity, respectively [24] . This, together with the crystal structure, suggests direct involvement of these residues in catalysis. Interestingly, the glutamic acid was also identified as the proton donor in the structurally equivalent carboxylic pairs in endo-␤-N-acetylglycosaminidase H (endo H) [ Asp111 (Figures 6 and 7) . In the unliganded structure, the Antigenicity of Hya is fully determined by the structure of its epitopes, the areas of the protein surface that are recognized by specific antibodies. The structure of the Hya surface, which is now known in full detail, contains an unusually high number of charged residues which are evenly distributed on the surface (Figure 5a) . Of all surface residues, 41% comprise aspartate, glutamate, lysine or arginine residues. This is considerably higher than the average value of 27% [58] . Although some of these residues may now be subjected to mutagenesis, the identification of the Hya epitope(s) must await further studies. The full characterization of the antigen-antibody recognition sites will require the elucidation of the structure of complexes between Hya and Fab fragments (from various mAb against Hya), because epitopes are generally composed of a discontinuous array of amino acids [59] . Site-directed mutagenesis of epitope residues may lead to mutant variants with low IgE binding activity (hypoallergens) [60] which might be used in immunotherapy without the risk of side effects. An example of this approach is a six-point mutant of Bet v 1, the major allergen of birch pollen, which exhibits extremely low reactivity with serum IgE from birch pollen-allergic patients [60] .
Biological Implications
Hyaluronidases are a group of hydrolytic enzymes which degrade hyaluronic acid (HA), a high molecular weight polysaccharide found in virtually all mammalian tissues and body fluids. HA is a ubiquitous component of the vertebrate extracellular matrix where it fills the space between cells and fibers and acts as a lubricant as well as a barrier to penetration by foreign particles. HA levels are markedly increased during embryogenesis, inflammation, malignant transformation, wound healing, (Table 1) were collected at room temperature at the Daresbury (UK) synchrotron radiation source. Image data were indexed and integrated using Purification MOSFLM [62] . The data were reduced and scaled using programs of the Recombinant enzymatically active Hya, containing a C-terminal His 6 tag, CCP4 package [63] . was produced by Baculovirus-infected insect cells and purified by Ni 2ϩ -chelate chromatography, as described previously [15] . For crystallization Structure Determination and Refinement of the Monoclinic Form experiments the protein was dialyzed against 5 mM sodium acetate buffer The structure was solved by MIR at 2.7 Å using phase information from two (pH 5.4) and concentrated to 8-10 mg mlϪ1.
heavy-atom derivatives: Pb(CH 3 COO) 2 (3 mM, two weeks soak) and PtCl 4 (1 mM, 24 hr soak). Derivative and native monoclinic data (native-1, Table 1 
